The reactivity of parthenolide (PRT), a natural sesquiterpene lactone from Tanacetum parthenium (Asteraceae), with human serum albumin (HSA) was studied by UHPLC/+ESI-QqTOF MS analysis after tryptic digestion of albumin samples after incubation with this compound. It was found that the single free cysteine residue, C34, of HSA (0.6 mM) reacted readily with PRT when incubated at approximately 13-fold excess of PRT (8 mM). Time-course studies with PRT and its 11β,13-dihydro derivative at equimolar ratios of the reactants revealed that PRT under the chosen conditions reacts preferably with C34 and does so exclusively via its α-methylene-γ-lactone moiety, while the epoxide structure is not involved in the reaction.
Introduction
Sesquiterpene lactones (STLs) are a large class of natural terpenoid compounds mainly found in plants of the Asteraceae family. These compounds are well known for their wide range of biological OPEN ACCESS activities. Most sesquiterpene lactones contain reactive partial structures, such as α-methylene-γ-lactone, cyclopentenone or other activated α,β-unsaturated carbonyl moieties. Many of these compounds' biological effects have been explained by their potential to react with nucleophilic structure elements in enzymes and transcription factors, thereby modifying the biological functions of such essential biomolecules (for an overview, see [1] ). Furthermore, the sensitizing potential of many STLs, leading to contact allergy, is attributed to their potential to function as haptens in type IV allergic immune reactions. This effect is explained by STLs' reactivity as Michael acceptors, which covalently modify proteins of the skin under the formation of full allergens [2, 3] . Free cysteine thiol groups are thought to be especially susceptible to Michael reaction with the STLs' α,β-unsaturated carbonyl structures. Although a variety of examples exist where the reaction of such compounds with low molecular weight thiols, such as glutathione and free cysteine, have been studied [1, 2, [4] [5] [6] [7] , surprisingly little direct experimental evidence exists for the covalent modification of proteins by sesquiterpene lactones [8] .
Serum albumin is the most abundant protein in human body fluids [9, 10] , where it accounts for about 60% of the total protein content and reaches concentrations of about 0.6-0.7 mM in blood plasma and about 0.18 mM in interstitial fluid [10] . One of the important functions of human serum albumin (HSA) is to bind low molecular weight substances, such as drugs and toxins, and, thereby, to reduce their free plasma concentration. Among various potential binding sites for such compounds, this 65-kDa protein also possesses one free thiol group (C34), which has been shown to represent a target for electrophilic xenobiotics. A variety of reports on the covalent modification of HSA are found in the literature [11] [12] [13] [14] . In some reports, the covalent attachment of xenobiotics is intended in order to use the body's own HSA as a drug carrier for albumin-binding prodrugs [12] [13] [14] .
The concentration of HSA being quite high in interstitial liquid, where it has been demonstrated to be the main protein constituent [15] , reaction of STLs with HSA may also be a potential source of the, yet unknown, full allergens responsible for sensitization against plants of the Asteraceae family or their pharmaceutical and cosmetic products [2, 3] . The sesquiterpene lactone parthenolide (PRT, Figure 1 ) is known to exhibit a variety of biological effects [16] [17] [18] [19] . It is the major STL constituent of the medicinal plant Tanacetum parthenium (feverfew, family Asteraceae), which is used as an ingredient of anti-migraine preparations [20, 21] . Parthenolide has also been reported to have sensitizing potential for causing allergic contact dermatitis [1] [2] [3] [22] [23] [24] . We therefore chose this compound as the model STL to investigate its potential for covalent reactions with human serum albumin by UHPLC/+ESI-QqTOF MS.
Results and Discussion
The reaction of parthenolide (PRT) with human serum albumin (HSA) was investigated at a near-physiological concentration of the protein (40 mg/mL ≈ 0.6 mM) in aqueous solution (pH 8) with an approximately 13-fold molar excess of PRT. After 2 h, one aliquot of the reaction mixture was purified by gel chromatography on a PD-10 column and then lyophilized. The tryptic digestion of the lyophilized HSA-PRT-conjugate was carried out by incubation with trypsin (sequencing grade) in ammonium bicarbonate buffer (pH 7.9) for 24 h at 37 °C (Sample A). A second aliquot of the reaction mixture was directly lyophilized and submitted to trypsin digestion, i.e., without prior removal of excess PRT (Sample B). For comparison, a sample of untreated HSA was submitted to tryptic digestion. Due to the fact that sesquiterpene lactones are known to react readily with free thiol groups [1, 2, [4] [5] [6] [7] , the tryptic digestion was performed without the usual reduction of disulfide bonds, in order to avoid reactions with such cysteine residues in HSA that are involved in disulfide linkages in the native protein.
The samples obtained by tryptic digestion from untreated HSA and from HSA treated with PRT were submitted to UHPLC/+ESIQqTOF MS analysis and compared. Peptide fragments characterized by an increase of molecular mass by 248.1413 amu, corresponding to the addition of a molecule of PRT, were searched in the chromatograms of the PRT-treated samples.
LC/MS-Analysis of Untreated HSA Digest
The tryptic peptide fragments of native HSA detectable under the chosen LC/MS conditions are listed in Table 1 . Figure 2 shows their sequence in the primary structure and occurrence in the chromatogram. In total, fragments accounting for 471 (80.5%) of the 585 amino acids of HSA could be detected and assigned.
Of special interest is the tryptic fragment consisting of amino acids 21-41 (T21-41), since it contains the sole free cysteine residue (C34) of HSA. The singly protonated molecular ion [ : 4,863.5190), which clearly shows that this peptide is present in the digested sample as a homo-disulfide, i.e., (T21-41)2SS. Furthermore, the peaks of heterodisulfides of T21-41 in which C34 has reacted with cysteine (T21-41SSCys) and with homocysteine (T21-41ShCys) could be identified by their multiple protonated ions (see Table 1 ). It is known that only about 70% of HSA has a free C34 thiol group and that the remaining fraction exists in the form of such heterodisulfides, termed non-mercaptalbumins [25] [26] [27] . A glutathione-disulfide, which has also been reported, could not be detected in our samples. The absence of this species from commercial samples of HSA is in agreement with observations of other authors [27] .
(a) (b) Figure 2 . (a) Amino acid sequence of human serum albumin (HSA) with tryptic cleavage sites (underlined). The fragment T21-41 containing the only free cysteine residue (C34) is marked with a dashed line. Amino acids that are part of the tryptic peptides detected under our analytical conditions are marked in yellow. For fragment sequences and mass data, see Table 1 . (b) LCMS analysis of the tryptic digest mixture obtained from untreated HSA. Red: total ion chromatogram (TIC). Colored: mass chromatograms for the various peptide fragments that could be assigned particular parts of the HSA sequence. For numbering, see Table 1 ; the fragment labeled 156 represents the (T21-41)2SS homodisulfide. Very noteworthy, the unmodified T21-41 fragment could not be detected at all in the tryptic digest sample, although being thoroughly sought.
The dimeric homodisulfide (T21-41)2SS, however, must, at least in part, have been formed by oxidation during the workup process, during or after tryptic digestion. Although HSA is known to exist in part as a dimer (see [28] and the literature cited there), the exclusive presence of the (T21-41)2SS fragment in the digested sample is likely to be due to the reaction of the monomeric fragment during workup. The free cysteine C34 is located in a hydrophobic crevice about 9.5 to 10Å deep [28, 29] to which only low-molecular weight compounds have access. The complete artificial dimerization of HSA requires, e.g., a reaction mediated by mercury (II) and oxidation with iodine. Under such conditions, the conformation of HSA is disorganized, so that the free cysteine residues of two HSA molecules can react with each other [28] . It can hence be concluded that under the chosen conditions, the non-mercaptalbumin fraction of T21-41 is completely oxidized to the homodisulfide during the workup process, i.e., after the fragment has been released from the protein. It is therefore very straightforward that in the case of a covalent modification of C34 in the intact native protein by an STL, the amount of the homodisulfide found after sample workup must be lower than that obtained from the unmodified protein. Thus, in the case that the free C34 of the native protein would react to completeness with a cysteine-modifying agent, such as PRT, this peak should be much smaller after tryptic digestion. In the case of an incomplete reaction, a direct comparison of the peak of this disulfide with that of a potential PRT-conjugate of T21-41 detectable after a certain reaction time can be expected to give valuable insight into the reactivity of PRT towards C34 of HSA.
At the same time, reaction of an STL with another amino acid within the same fragment would be likely to result in a signal for the dimer plus one STL moiety, i.e., (T21-41)2SS + STL, and/or a dimer plus two STL molecules, (T21-41)2SS + 2STL. The absence of such fragments and presence of a monomer + STL signal would hence prove that the reaction has indeed occurred at C34.
Covalent Modification of C34 by Parthenolide
Parthenolide (PRT) was found to react readily with HSA at the free cysteine C34 in T21-41. The presence of the covalent adduct could be deduced from the occurrence of a new peak with a molecular mass corresponding to T21-41 + PRT (monoisotopic signals for [M+nH] 2, 3, 4) . Besides this covalent adduct of PRT, the dimeric disulfide (T21-41)2SS was still present in both samples (A and B) treated with this compound. In comparison with the unmodified protein, the peak size of (T21-41)2SS is diminished to about 30% and 20% in Samples A and B, respectively, so that approximately 70%-80% of the total HSA must have reacted. Since no signals for a PRT-modified (T21-41)2SS + PRT or (T21-41)2SS + 2PRT were detectable (although thoroughly sought), the reaction must have occurred at C34 as expected. Figure 3 shows a plot of extracted ion chromatograms for T21-41 + PRT and (T21-41)2SS in Samples A and B. The relative size of the peaks is very similar in these two samples, indicating that no further reaction of PRT with T21-41 occurred during or after tryptic release of this fragment in Sample B, from which excess STL was not removed prior to digestion. This shows that the reaction under these conditions, at a 13-fold excess of PRT, has already reached equilibrium after 2 h. 
Time Course of the Reaction between Parthenolide and HSA
In order to obtain information about the extent and rate of reaction between HSA and PRT, time course experiments were conducted by UHPLC/+ESI-QqTOF MS. The reaction was monitored at an equimolar ratio of the two reactants (0.6 mM) by repeated analysis of a sample incubated at pH 8.2 at 25 °C. In the resulting chromatograms, the peak area of PRT was integrated based on extracted ion chromatograms for the prominent fragment ion at m/z 231 ([M+H (Figure 4b,c, respectively) show that the reaction follows a second order rate law, since the former plot yields a linear trend line with R 2 = 0.99, while the latter shows a stronger curvature and an R 2 < 0.9. The presence of a second order reaction under these equimolar conditions corroborates the hypothesis that HSA is characterized by one primary reactive site for PRT addition, i.e., one highly reactive site exists per HSA molecule rather than multiple equally-susceptible sites. In this latter case, an excess of reactive sites over PRT molecules would be expected to lead to a more significant deviation from second order kinetics under these conditions and would more likely appear pseudo first order. This finding therefore indicates that PRT, when incubated at an equimolar concentration with HSA, reacts with the protein in a ratio of 1:1, which confirms the observation from the MS-experiment that it selectively binds to C34.
Since PRT itself contains two potentially reactive sites, an α-methylene-γ-lactone and an epoxide function, an analogous experiment was conducted with 11β,13-dihydroparthenolide (DHP), whose structure contains only the latter. The resulting time course data are plotted in Figure 4a along with those of PRT. It is obvious that DHP does not react with HSA to any significant extent under identical conditions, so that the α-methylene-γ-lactone structure element is solely responsible for the reaction of PRT with HSA, and the epoxide moiety does not play any role.
(a) The reaction is more likely to proceed by second-order than by (pseudo) first-order kinetics, so that HSA can be assumed to represent one reactive site per molecule rather than multiple sites. From the data of DHP in (a), it becomes obvious that the α-methylene-γ-butyrolactone moiety is the only structure element in PRT responsible for the reaction with HSA.
Experimental Section

Investigated Compounds
Parthenolide (PRT) was purchased from AppliChem (Darmstadt, Germany; Batch 9L003782). 11β,13-dihydroparthenolide (DHP) was a gift from N. H. Fischer (Denton, TX, USA). The identity and purity was determined by HPLC and/or NMR analyses; the purity was >90% in both cases.
Human serum albumin (Fraction V, purity 96%-99%, batch: 049K7535) and trypsin (sequencing grade) were obtained from Sigma-Aldrich (Steinheim, Germany) and PD-10 columns (Sephadex G-25M) from GE-Healthcare (Buckinghamshire, UK). All other reagents were purchased from Roth (Karlsruhe, Germany). All chemicals were of analytical grade and used as received. the manufacturer's instruction sheet with water as the eluent. Fractions 4, 5 and 6 were collected and lyophilized, yielding Sample A. Direct lyophilization without purification of the reaction mixture after 2 h of incubation yielded Sample B.
Sample Preparation
Tryptic Digestion
Trypsin (14 µg, sequencing grade) was added to a solution of 2 mg purified PRT-HSA conjugate (Sample A) or 2 mg of the lyophilisate of the unpurified reaction mixture (Sample B) in 0.5 mL 50 mM ammonium bicarbonate buffer at pH 7.9. The solution was incubated for 24 h under permanent shaking (1000 rpm) at 37 °C using a Thermomixer ® comfort device (Eppendorf, Hamburg, Germany). The hydrolysis was stopped by freezing the sample. The tryptic digestion of unreacted HSA was carried out in the same manner.
High-Performance Liquid Chromatography-Electrospray Ionization Mass Spectrometry
All analyses were performed with a micrOTOF-QII mass spectrometer (Bruker Daltonics, Bremen, Germany) coupled to an Ultimate 3000 RS (Dionex, Idstein, Germany) UHPLC system with a diode array detector (DAD). Separations were achieved with a Biobasic-18 column (C18, 2.1 × 150 mm, 5 µm; ThermoFisher Scientific, Schwerte, Germany) using acetonitrile:water (both containing 0.1% formic acid) for elution in a gradient from 9:1 to 4:6 in 25 min at a flow rate of 0.4 mL/min. Mass spectra were acquired in the +ESI mode in the m/z range from 50 to 3000 at a sampling rate of 2 Hz. Internal calibration of each analysis was performed by direct infusion of 20.0 µL of a 5 mM sodium formate solution at the end of the run.
Data Analysis
MS data were analyzed with the Data Analysis software (Bruker Daltonics, Bremen, Germany). Calculation of the tryptic fragments' molecular masses was performed with the web-based tool, [30] .
Time Course of the Reaction of HSA with PRT and DHP
For the time course measurements, HSA was dissolved in the same concentration as above and mixed with an equimolar amount of PRT (both 0.6 mM) in an HPLC vial. The reaction mixture was then stored in the autosampler at 25 °C and continuously analyzed after defined time intervals. The peak areas of PRT, determined by integration of the peak in extracted ion chromatograms at m/z 231 ([M+H-H2O] + ), were transformed to concentrations by direct comparison with the corresponding peak in a chromatogram obtained with an amount of PRT representing the starting concentration (0.6 mM). An analogous experiment was conducted with the same concentration of DHP. The resulting concentrations were plotted vs. time to yield the plot shown in Figure 4a .
Conclusions
The interaction of the sesquiterpene lactones, parthenolide (PRT) and dihydroparthenolide (DHP), with the most abundant plasma protein, human serum albumin (HSA), was analyzed by MS analysis.
